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I review selected topics in supersymmetry, including: effects of non-universality, high tan/3 and phases on SUSY signals; a heavy 
gluino as the LSP; gauge-mediated SUSY signals involving delayed decays; R-parity violation and the very worst case for SUSY 
discovery; some topics regarding Higgs bosons in supersymmetry; and doubly-charged Higgs and higgsinos in supersymmetric left- 
right symmetric models. I emphasize scenarios in which detection of supersymmetric particles and/or the SUSY Higgs bosons might 
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1 Non-universality, tan (3 1 and phases 

Many deviations from universal boundary conditions at 
the unification or string scale are now being actively 
considered. Neither the gaugino masses nor the scalar 
masses are required to be universal. One well-motivated 
model with npn-universal gaugino masses is the O-II orb- 
ifold model, EJ in which supersymmetry breaking (SI/SY) 
is dominated by the overall size modulus (as opposed to 
the dilaton). It is the only string model where the limit 
of pure modulus ST/SY is possible without charge and/or 
color breaking. One finds. 
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The phenomenology of this model changes dramatically 
as a function of the Green-Schwarz parameter, Sqs] in- 
deed, a heavy gluino is the LSP when Sgs ~ — 3 (a 
preferred range for the model). Another class of mod- 
els with non-universal gaugino masses are those where 
ST/SY arises due to F-term breaking with F ^ SU(5) 
singlet, el Possible representations for F include: 

F £ (24x24) symmctric = 1 ffi 24 ffi 75 200 , (2) 

leading to (-F) Q fc = c a i5 t>, with c Q depending on the repre- 
sentation. Results for the gauginos masses at the grand- 
unification scale Mjj and at mz are given in Table § 
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Table 1: M a at My and mz for the four F irreducible representa- 
tions and in the O-II model with &qs ~ —4. 

Both F £ 200 and the O-II model allow for the pos- 
sibility that m~± ~ m~ , since m~ ~ min(Mi,M2), 



m~± <~ M 2 and M 2 < Mi. In this situation, there 

"X-l 

are two possibilities. (1) The degeneracy is so extreme 



(Am- 



rn~± 



m~ ^5 0.1 GeV) that the Xi is long- 



lived. In this case, one searches for heavily-ionizing 
charged tracks. (2) The degeneracy is still small, but 
large enough that the \i is n °t pseudo-stable: 0.3 < 
Am- < 3 GeV. One must search for XiXi production at 



an e + e collider using a photon tag: e 



7Xi Xi 



In 



case (1) [(2)], a DELPHI analysis yields m~± > 84 GeV 

[> 54 GeV, provided m~ is large]. In general (but not 
preferred in the GUT context), there is also a third pos- 
sibility: M2,Mi ^S> In this case, the xt an d X? are 
again nearly degenerate, but the jxi Xi cross section is 
smaller and no limits (beyond the LEP rn~± > 45 GeV 

limit) are possible unless the xt is pseudo-stable. I 

Scalar mass non-universality can emerge from many 
sources; a particularly popular source is D-term contri- 
butions to scalar mass, especially from an anomalous 
U(l). A typical model is oneel which employs U(l)y. The 
result is a Fayet-Illiopoulos D-term contribution to the 
scalar masses at Mjj: fnf — m\ + YiDy, where tuq is the 
usual mSUGRA universal mass. (The other mSUGRA 
parameters are denoted mi/ 2 , Ao, tan/3, sign(/i).) As Dy 
is turned on, the scalar masses are altered and the value 
of | /i | required for RGE electroweak symmetry break- 
ing (in which m?, , the scalar mass-squared associated 
with the Higgs boson that couples to the top quark, be- 
comes negative at low energy scales) to give the correct 
value of mz changes. The 'normal' mSUGRA relation 
between gaugino masses, scalar masses and is al- 
tered so that the LSP need not be the Xi- As Dy is 
changed, it becomes possible for the LSP to be: the tr 
(ImI > \n\mSUGRA)\ a higgsino (|/i| < \^\ m suGB.A)] or a 
sneutrino (in a small band with < \n\ m suGRA)- Cos- 
mology suggests these latter are disfavored, but reheating 
can obviate such constraints and even a stable LSP=tr 
would then be allowable. 

Clearly, such scalar non-universality leads to drastic 
changes in collider phenomenology. In particular, if the 
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tr is the LSP one should look for a stable tr, whereas 
if a higgsino is the LSP then m~± ~ m~ ~ m~ and 

Xi Xi X2 

LEP2 constraints will be weakened (see above). Further, 
in collider events there will be much less missing trans- 
verse momentum (j/t) than for mSUGRA boundary con- 
ditions. 

Let us next mention the phenomenological impli- 
cations of high tan j3 for superparticle discovery. RGE 
equations cause r to decline in mass relative to e, Jl (but 
the X? is still the LSP). This leads to dominance of r's 
in cascade decays and in the 'tri-lepton' signal. Tevatron 
signals for SUSY become more difficult; it definitely takes 
TeV33 to probe SUSY if gluino and squarks are > IrleV 
with corresponding mass scales for other sparticles.B 

Normally, the possible phases for the soft-SUSY- 
breaking parameters have been neglected in study- 
ing SUSY collider phenomenology. For example, in 
mSUGRA, Ao and fi can have phases. More gener- 
ally, there are 79 masses and real mixing angles and 45 
CP-violating phases in the MSSM. These phases appear 
in mass matrices as well as couplings. EDM and CP- 
violation constraints do not require that these phases 
be small; cancellations among different contributions to 
CP-violating observables are possible. U Extraction of all 
SUSY parameters from experiment becomes considerably 
more complex in general, even at an e + e~ collider. 

2 A heavy gluino as the LSP 

There are several attractive models in which the gluino is 
heavy and yet is the LSE. These models include: the O-II 
model discussed earlier EJ when Sgs ~ t}3 (the preferred 
range) ; and the GMSB model of Raby. I 

A detailed study of the phenomenology of a g-LSP 
has appeared. □ First, one must consider constraints com- 
ing from the relic density of R = gg (almost certainly 
the lightest) bound states. Taking into account anni- 
hilations that continue after freezeout, and allowing for 
non-perturbative contributions to the annihilation cross 
section, it is found El that the relic density can be small 
enough, even at very large m~ and even without including 
late stage inflation (as might be needed for the Polonyi 
problem), to avoid all constraints from stable isotope 
searches, underground detectors, etc. Certainly, the R°'s 
are very unlikely to be the primary halo constituent. 

Next, one must consider how the g-LSP manifests 
itself in a detector and in relevant experimental analy- 
ses. This is sensitively dependent upon several ingredi- 
ents. First, there is the question of how the g hadronizes. 
In general, it can pick up quarks and/or a gluon to 
form either charged R^ (e.g. gud) or neutral R° (e.g. 
gg, guu, . . .) bound states with probabilities P and 1 — P, 
respectively. (R^ states that are not pseudo-stable be- 



tween hadronic collisions are not counted in P.) These 
probabilities are assumed to apply to a heavy g both as 
it exits from the initial hard interaction and also after 
each hadronic collision. (The picture is that the light 
quarks and gluons are stripped away in each hadronic 
collision and that the heavy g is then free to form the i? ± 
and R° bound states in the same manner as after initial 
production.) In any reasonable quark-counting model 
P < 1/2, in which case the g spends most of its time 
as an R° as it passes through the detector. The second 
critical ingredient is the (Ai?) deposited in a hadronic 
collision; several models that bracket the known result 
for a pion are employed. Since, a heavy g is typically not 
produced with an ultra-relativistic velocity, it does not 
deposit very much energy even in its first few hadronic 
collisions; indeed, it can often penetrate the detector 
unless it is in an R^ state a large fraction of the time 
(P > 1/2) and is slowed down by ionization energy de- 
posits. Third, the net hadronic energy deposit depends 
on Ay, the path length in iron-given by the g total cross 
section. One popular model E3 suggests A^ ~ 2A<r(7r). 
Fourth, the effective Fe thickness of instrumented and 
uninstrumented portions of the relevant detectors (OPAL 
and CDF) must be known. Fifth, one must account for 
how a calorimeter treats ionization energy deposits as 
compared to hadronic collision energy deposits; the latter 
are measured correctly when the calorimeter is calibrated 
for a light hadron, but the former are over-estimated by a 
factor of roughly 1.6 in an iron calorimeter (as employed 
by OPAL and CDF). Thus, when a calorimeter is cali- 
brated to give correct it energy, calorimeter response af- 
ter one At is ^calorimeter = r£^i on i za ti n + -E'hadronic) where 
r ^ 1.6 for an iron calorimeter. Sixth, it is necessary to 
determine if the g-jet is charged at appropriate points in 
the detector, and other analysis-dependent criteria are 
satisfied, such that the <?-jet is identified as containing 
a muon. 'Muonic' jets are discarded in the CDF jets + 
missing energy analysis, but retained in the correspond- 
ing OPAL analysis. In the latter, the jet energy of a jet 
that is 'muonic' is computed as: 

Ej*k = Pjet - ^°i t orimctcr +0(Mid)(ptraekcr-2 GeV) , (3) 

where 8([iid) = 1 or 0, Ptracker = ™~/?7 is the momentum 
as measured by the tracking system, and the 2 GeV sub- 
traction is the energy that would have been deposited by 
a muon in the calorimeter. 

In the end, the £j e t = Pjet as defined by the exper- 
iments is normally quite different from the true gluino 
jet momentum, and most events will be associated with 
large missing momentum. Further, for moderately large 
P (but not too close to 1), there are large fluctuations 
on an eveat-by-even basis in how the g-jets are treated. 
Thus, oneH employs an event-by-event model of 7j passage 
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Figure 1: We cormpare the prediction of BF(Z — > qqgg) compared 
to the extracted □ OPAL 95% CL upper limit as a function of 
m~ for P = 0, 1/4, 1/2, 3/4, 1. Both smearing and fragmentation 

effects are included. Results are for the standard Ay and (AB) 
(SCI) case.H 



through the detector accounting for P at each hadronic 
collision and the associated calorimeter responses. 

Sample results for OPAL and CDF are illustrated in 
Figs. and |L These fi gures illustrate that, for 'stan- 
dard' choicest!! of At and (AE), one can use the jets 
+ missing energy OPAL and CDF analyses to exclude 
any m~ from ~ 3 GeV up to ~ 130 — 150 GeV, re- 
gardless of the charged fragmentation probability P. For 
P > 1/2, there is some sensitivity to the At and (AE) 
scenario choices: limits could be weaker (or stronger). 
For choices that yield weak limits when P > 1/2, one 
can use the OPAL and CDF searches for tracks corre- 
sponding to a heavily-ionizing charged particle to elimi- 
nate all m~ values up to ~ 130 — 150 GeV except in the 

interval 23 ^ m~ < 50 GeV, which is the gap between 
the OPAL analysis and the current version of the CDF 
analysis. A refined CDF heavily-ionizing-track analysis 
should be able to eliminate this gap. 



3 Delayed decay signals for gauge-mediated su- 
persymmetry breaking (GMSB) 

The two canonical GMSB possibilities are: tr=NLSP, 
with tr -^jG; and x? =NLSP followed by Xi -> jG, 
where the G is the Goldstino. In either case, the NLSP 
decay can be either prompt or delayed. In the tr-NLSP 
case, detection^ SUSY will be easy, either using heavily 
ionizing tracks til for long path length of the tr or r sig- 
nals!^ if the decay is prompt. However, if the x? 1S the 
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Figure 2: The cross section (after cuts) in the jets + rfx channel is 

compared to (a) the 95% CL upper limit for L = 19 pb — 1 (which is 

the same as the 5a signal level for L = 100 pb — 1 ) at y/s = 1.8 TeV 

and (b) the S/B = 0.2 level at Run-II (L > 2 fb^ 1 , = 2 TeV) 

as a function of m~ for P = 1/2. Standard choices for and 
a 

{AE) are employed. 



NLSP, detection of a SUSY signal can be much more chal- 
lenging, and measurement of the SI/SY scale, y/F, re- 
quires special attention.113 In fact, it is quite possible, and 
required in some models, that y/F ~ 1000 — 5000 TeV, 
in which case 
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(4) 

is typically quite large. In particular, in GMSB models 
with a hidden sector commrmicating at two-loops with a 
messenger sector, we haveolij (to within a factor of 5 or 
less) \/~F > A\/f, where / ~ 2.5xl0 4 /<4 1 and A is the pa- 
rameter that sets the scale of soft-susy-breaking masses. 
Roughly, 40 TeV < A < 150 TeV is required (see below), 
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implying y/F > 1000 
itino has mass m- 
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, -.j 1 keV is preferred by cosmology, imply- 
ing \/F < 3000 TeV. Thus, we should take seriously 
1000 < y/F < 5000 TeV and the possibility of delayed 
Xi decays. At the very least, one should explore the phe- 
nomenology of the model for the full range of possible 
y/F values. 

A recent studyEl has explored Tevatron phenomenol- 
ogy for the full range of y/F in a sample model in which 
the superparticle masses have the relative magnitudes 
typical of the simpler GMSB models with minimal mes- 
senger sector content. In the model employed, the Xi is 
the LSP and the sparticle masses are: m~ ~ 1.35 GeV • 
A, ™ r + ~ 2.7 GeV ■ A (~ 2m~ ), m~ ~ 8.1 GeV • A 
>,j ~ 1.7 GeV ■ A, mj ~ 3.5 GeV • A 
(~ 2m~ ), m~ ~ 11 GeV • A (~ 6m~ ), with A in TcV. 

From these mass formula, we see that if A < 40 TeV then 
the £r would have been seen at LEP or LEP2, while if 
A > 150 TeV the g and the <fs becomes so heavy that 
naturalness problems for the Higgs sector would certainly 
be substantial. For the above hierarchy of masses, the 
primary normal SUSY signal at the Tevatron is the tri- 
lepton signal. It is foundE3 that this signal is viable for 
A < 65 TeV for any y/F; but it does not distinguish 
a SUGRA-like model from a GMSB model. In order to 
distinguish between the two model possibilities, one must 
detect the photon(s) that result from the Xi decays. 

One possibility is to detect a prompt photon in as- 
sociation with the tri-lepton signal. One finds that this 
will be possible only if y/F is not very large. Additional 
associated-photon signals that can be considered include: 
observation of a photon with non-zero impact-parameter 
(b); decay of the Xi leading to an isolated energy deposit 
in an outer- hadronic-calorimcter cell (OHC); a photon 
signal in a specially designed roof-array detector placed 
on the roof of the detector building (RA); and the ap- 
pearance of two prompt (emergence before the electro- 
magnetic calorimeter) photons (27). The first three are 
present only if the Xi - * lG decay is delayed, while the 
latter signal will be very weak if the decay is substantially 
delayed. After imposing strong cuts that hopefully re- 
duce backgrounds to a negligible level (detailed detector 
studies being needed to confirm), the regions in (y/F, A) 
parameter space for which these signals are viable at the 
DO detector for Run-I, Run-II and Tev33 luminosities at 
the Tevatron are illustrated in Fig. |[ 

We can summarize as follows. If both y/F and A are 
large, then we will not see either the tri-lepton signal or 
the prompt 27 signal. However, Fig. || shows that the 
large impact parameter photon signal from delayed de- 
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Figure 3: a contours in the (y/F, A) parameter space for the 
(a) impact-parameter (b), (b) outer-hadronic (OHC), (c) roof-array 
(RA), and (d) prompt- two-photon (27) signals. Contours are given 
at <T = 0.16, 2.5, and 50 fb — these correspond to 5 events at 
L = 30, 2, 0.1 fb -1 as for Tev33, Run-II and Run-I, respectively. 



cays of the Xi can cover most of the preferred parameter 
space region not accessible by the former two modes. The 
roof-array detector also provides an excellent signal at 
large y/F. Putting all the signals together, the portion of 
(y/F, A) parameter space for which a GMSB Xi =NLSP 
SUSY signal can be seen at the Tevatron is greatly ex- 
panded by delayed Xi decay signals. We re-emphasize the 
fact that one needs the b, RA and/or OHC delayed-decay 
signals to distinguish GMSB from a SUGRA model with 
GMSB-like boundary conditions when y/F is too large for 
a viable prompt photon signal. Finally, if delayed-decay 
signatures are seen, an absolutely essential goal will be 
to determine y/F (the most fundamental SUSY parame- 
ter of all): the b and RA signals provide the information 
needed to do so. 

4 The nightmare R-parity violating (RPV) sce- 
nario 

This scenarioS is designed as a warning against com- 
placency regarding SUSY discovery. The first ingredi- 
ent in the nightmare scenario is a non-zero B-violating 
RPV coupling (often denoted A"), which leads to LSP 
decay to three jets: xi — * 3j- This means that the x?' s ; 
resulting from chain decay of a pair of produced super- 
symmetric particles, do not yield missing energy. The 
standard jets + $t signal is absent. Of course, for uni- 
versal gaugino masses at the GUT scale this is not a 
2m~ (at energy scales < 1 TeV). 



problem since m~± 
For such large m~ 



a robust signal for super- 



5 



symmetry is provided E3 by the like-sign dilepton signal 
that arises when two Xi s ( or two jiff's) are produced 
in the decay chains and both decay leptonically: e.g. 
XiXi ~^ £ + ^ + veveXiXi- Since the leptons have signif- 
icant momentum and the neutrinos yield some missing 
momentum, the like-sign lepton events are typically quite 
easily isolated at the LHC,. and for lower SUSY mass 
scales, also at the Tevatron.liZEj 

However, as discussed in an earlier section, if gaug- 
ino masses are not universal it is very possible to have 
M 2 < Mi <C (at energy scales < 1 TeV), leading to 
both xt an d X? being SU(2) winos with m~± ~ m~ . 
Also, in the models with \fj,\ <C M\$, the lightest two 
neutralinos and the lightest chargino are all closely de- 
generate: m~ ~ m~± ~ m~ . In either case, the lep- 

Xi X± X2 

tons in xt ~ * ^ ±iy Xi decays are very soft. The like-sign 
dilepton signal would be very weak (after necessary cuts 
requiring reasonable momenta for the leptons). The im- 
plications of these scenarios are the following. At LEP2 
one would need to use the e + e~ — > "fxfxi photon-tag 
signal, but, unlike the case where the Xi' s from xt de- 
cays yield missing energy, the X1X1 would decay to a 
final state containing six (relatively soft) jets. Perhaps, 
such a signal can be shown to be viable over backgrounds 
up to some reasonable value of m~±. To go beyond 

Xi 

this value would require a viable signal at the Tevatron 
and/or LHC. However, at the hadron colliders, leptonic 
signals will be very weak. Aside from W decays, ener- 
getic leptons can emerge only from decays of the heavy 
gauginos (e.g. the higgsino states in the M 2 < Mi <C 
case) that are present by virtue of either being directly 
produced or arising in decays of still heavier produced su- 
persymmetric particles. If the leptonic signals turn out 
to be too weak, the only signal with a substantial rate 
will be spherical events containing an extra large number 
of jets. This signal might prove very difficult to isolate 
from backgrounds. 

5 Two topics regarding Higgs bosons in SUSY. 

The first topic concerns the use of experimental limits on 
the lightest SUSY Higgs boson, h°, to exclude parameter 
regions in various SUSY models. The second topic is the 
construction of a truly difficult scenario for SUSY (or 
any) Higgs detection. 

5. 1 Model constraints from limits on the hP 

To illustrate the possibilities, I present a brief discus- 
sion of two representative papers. The first is that 
of de Boer et ai. E£l They assume universal mSUGRA 
CMSSM (constrained MSSM) boundary conditions and 
impose radiative electroweak symmetry breaking and 



gauge coupling unification with a s [mz) — 0.122 and 
m t — 173.9 ± 5.2 GeV. They also require b — r Yukawa 
unification, with mt(m(,) = 4.2 ± 0.15 GeV (do we really 
know it so well?). Additional input data is the current 
combined ALEPH/CLEO result for b — > sj (including 
combined errors) and Higgs mass limits from LEP2. Re- 
garding the latter, the CMSSM approach with RGE elec- 
troweak symmetry breaking implies that m^o is large 
and that the h° is very SM-like. Thus, they require 
m h0 > 89 GeV at 95% CL. Finally, they require Mi 2 < 1 
for the relic neutralinos of the model. With this input, 
including a systematic treatment of experimental errors, 
they compute the x 2 f° r different parameter choices in 
the CMSSM context. 

They find significant constraints on the allowed pa- 
rameter space. It is convenient to think of the allowed 
parameter regions as follows. First, by imposing 6— t uni- 
fication they end up with only 4 good tan/3 and sign(/i) 
solution scenarios: two at low tan/3 and two at high 
tan j3. These 4 possibilities are then restricted by other 
constraints as shown in the following Table. 
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The Higgs limits are most restrictive for the low- 
tan /3 solutions. First, for low tan/3, fx < is pretty much 
excluded unless one allows m ,mi/ 2 > 1 TeV. Second, 
low tan/3 and fi > will soon be excluded if no Higgs 
is seen at LEP200: for /.i > and mo,mi/2 < 1 TeV, 
the other constraints imply m™ ax = 97 ± 6 GeV (error 
dominated by uncertainty in m t ). If tan/3 is large, then 
m7 = 120 ± 2 GeV, which will hopefully be testable at 
TeV33. The best x 2 solutions have large squark masses 
> 1 TeV and fine-tuning problems. 

Many other studies, especially in the fixed-point con- 
text, peach very similar conclusions. For example, Carena 
et aZ.E3 show that m h o > 89 GeV implies a lower bound 
on tan/3 well above the perturbativity bound unless the 
stop mass matrix is carefully chosen. In particular, the 
fixed-point value of tan/3 ~ 1.5 is allowed only if the 
heavier stop is not too heavy (i.e. there is an implicit 
upper bound on m~). If the bound on m^o increases 

to m h o > 103 GeV (as expected at LEP200), the low- 
tan /3 fixed point scenario will be ruled out. Of course, 
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one should keep in mind that the low-tan (3 fixed point 
solution is ruled^ut in mSUGRA and CMSSM if we re= 
quire Qh 2 < 1 Eil and/or no charge/color breaking. 
This means, that we can only have a low-tan /3 fixed- 
point solution with m h o > 89 GeV that is consistent 
with Qh 2 < 1 if we disconnect the slepton, Higgs and 
squark soft-supersymmetry-breaking mass parameters by 
not requiring a universal value at the GUT scale. Finally, 
we recall that adequate electroweak baryogenesis in the 
MSSM requires m h o in the LEP2 range, a light t±, and 
small stop mixing. Imposing these constraints in con- 
junction with the fixed-point low-tan (3 solution requires 
mr > 2 TeV. 

Of course, all these constraints depend greatly upon 
the fact that the MSSM contains exactly two doublets 
and no other Higgs representations. For example, the 
constraints found in these studies are obviated if one adds 
extra singlet (s) S with XSH1H2 style coupling. 

5.2 A very difficult Higgs scenario: is there a no-lose 
theorem? 

An interesting question that has emerged in several dif- 
ferent models is the question of whether there is a no- 
lose theorem for Higgs discovery at a y/s = 500 GeV 
e+e~ collider. Typically, Ej'til if one adds just one or two 
Higgs bosons to the spectrum the answer is yes: one or 
more of the scalar Higgs bosons will be discovered in the 
Zh production mode. However, the situation, could be 
much more complicated. A very difficult caseEi is one in 
which there are many Higgs bosons, as could arise in a 
string model with many U(l)'s, c3 and they share the 
ZZ-Higgs coupling-strength-squared (g zzh ) fairly uni- 
formly. Further, assume these Higgs bosons are spread 
out such that the experimental resolution is insufficient 
to resolve the separate peaks, in which case the only sig- 
nal is an unresolved continuum excess over background. 
Finally, assume the Higgs bosons all decay into a variety 
of channels, including invisible decays, various qq chan- 
nels, etc., in which case identification of the h decay final 
state would not be useful because of the large background 
in any one channel. In particular, in e + e~ — > Zh, there 
would be no guarantee we can use Z — > qq or vv decays 
because of the large number of possible channels in the 
recoil state and, thus, small signal relative to background 
in any one channel. The only clearly reliable signal would 
be an excess in the recoil Mx distribution in e + e~ — > ZX 
(with Z — > e + e~ and /i + /i~). i_ . 

To describe this scenario quantitatively, onelHJ em- 
ploys a continuum description in which there are Higgs 
bosons from m™ m to m™ ax . Defining if (m^) as the g 2 zzh 
strength (relative to SM strength) as a function of m,h, 
one then can write two sum rules: 

/ dm h K(m h ) > 1 (5) 



f dm h K(m h )m 2 < (M 2 ) , (6) 

where the former becomes an equality if only Higgs sin- 
glet and doublet representations are involved. The key 
to a no-lose theorem is to limit (M 2 ). In the context 
of supersymmetry one can write (M 2 ) = m 2 B = Xv 2 , 
where v = 246 GeV and A, a typical quartic Higgs 
coupling at low energy scales, is limited by requiring 
perturbativity for A up to some high scale A. In the 
most general SUSY model, one finds raj < 200 GeV for 
A ~ 10 17 GeV. Alternatively, independently of a SUSY 
context, the success of fits to precision electroweak data 
using rrih SM ^5 200 GeV implies, in a multi-Higgs model, 
that the Higgs bosons with large K(rrih) must have aver- 
age mass < 200 GeV, which would imply nriB ^ 200 GeV. 

Taking K(rrih) = K, a constant, Eq. leads to 
K = l/(m™ ax — m™ m ) (assuming only singlet and doublet 
representations), and Eq. (||) implies 

m| = (M 2 ) > 1 (K iax ] 2 + ™r x ™f n + KH 2 ) (7) 

The maximal spread is achieved for m™ ln = 0, in which 
case Eq. (0) requires m™ ax < f/3m B < 340 GeV. 

To analyze this situation, E3 assume *Js = 500 GeV, 
for which a(ZK) for a SM-like h is substantial out to 
rrih ~ 200 GeV. \a(Zhsu) falls from 70 fb at low rrih 
to 42 fb at rrih ~ 200 GeV.] Confining the signal re- 
gion to 70 < m h < 200 GeV, a fraction / ~ 0.4 of the 
uniform K(uih) spectrum would lie in this region. If 
LEP2 data can eventually be used to show that K[rrih) 
is small for m h < 70 GeV (i.e. m^ in = 70 GeV) then 
TO ^ ax = 300 GeV [from Eq. (|) with m B = 200 GeV] and 
a fraction / ~ 0.55 would lie in the 70 — 200 GeV region. 
Alternatively, one can consider only the 100 — 200 GeV 
interval (to avoid the large background in the vicinity of 
rrih ~ mz), in which case / ~ 0.3 for to" 1111 = and 
/ - 0.43 for m™ in = 70 GeV, respectively. 

The results for the overall excess in Zh, with Z — > 
e + e~ + fi + [T , integrated over the 70 — 200 GeV and 
100 — 200 GeV intervals, assuming J K{rrih) — 1 over 
the interval, are given in Table 0, assuming an inte- 
grated luminosity of L — 500 flV (which is very op- 
timistic). Including the factor /, one finds S ~ 1350/ 
with a background of either B — 6340 or B = 2700, for 
the 70-200 GeV or 100-200 GeV windows, respectively. 
Correspondingly, one must detect the presence of a broad 
~ 21%/ or ~ 50%/ excess over background, respectively. 
For / - 0.4 - 0.55 in the 1st case and / - 0.3 - 0.43 in 
the 2nd case, this would probably be possible. Nomi- 
nally, S/VB - 17/ and - 26/ for the 70 - 200 GeV and 
100 — 200 GeV windows in Mx, respectively. However, if 
L ^ 200 fb, the detection of the excess will become quite 
marginal. As an aside, we notel 2 -! that e + e~ — * e + e~h 
via ZZ-fusion is not useful because of very small S/B. 
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Table 2: Approximate S, B and S/y/B values for Zh (with 
Z — > e + e - +fi + ii~) after integrating the Mx recoil mass spectrum 
from (a) 70 GeV to 200 GeV and (b) 100 GeV to 200 GeV, assum- 
ing that many Higgs bosons are distributed evenly throughout the 
interval with uniform K(mf l ). Results are for y/s = 500 GeV, 
L = 500 fb _1 . 



M x 
Interval 


Zh, Z — > e + e + 
S B S/y/B 


70 - 200 
100- 200 


1350 6340 17 
1356 2700 26 



Table 3: Approximate S, B and S/yB values for Zh (with Z — > 
e + e — + fi + fi~) in each of the thirteen 10 GeV bins in Mx from 70 
to 200 GeV, assuming that S ~ 1350 events are distributed equally 
among these bins. We assume \fs = 500 GeV, L = 500 fb _1 . 



Bin No. 


i 


2 


3 


4 


S 


104 


104 


104 


104 


B 


1020 


1560 


1440 


734 


s/Vb 


3.3 


2.6 


2.7 


3.8 


Bin No. 


5 


6 


7 


8-13 


S 


104 


104 


104 


104 


B 


296 


162 


125 


- 130 


s/Vb 


6.0 


8.2 


9.3 


9.1 



Of course, if an excess is observed, the next interest- 
ing question is whether we can analyze the amount of this 
excess on a bin-by-bin basis. The situation is illustrated 
m Table | assuming that the roughly 1350 (i.e. f = 1 
for the moment) signal events are distributed equally in 
the thirteen 10 GeV bins from 70 to 200 GeV. Table | 
gives S for / = 1, B and the corresponding S/VB value 
for each bin. Both S and S/VB must be reduced by /. 
One sees that L = 500 fb -1 would yield S/y/B > 3 only 
for the M x £ 120 GeV bins when / - 0.5. Further, 
with only L = 100 fb -1 (as might be achieved after a few 
years of running at a 'standard' luminosity design), this 
bin-by-bin type of analysis would not be possible for 10 
GeV bins if / ~ 0.5; one really needs L = 500 fb -1 . 

A final question is how many Higgs force us into the 
continuum scenario? In the inclusive e + e~ — > ZX mode, 
with Z — > e + e~, the electromagnetic calorimeter 
and tracking resolutions planned for electrons and muons 
imply Am ~ 20 GeV at y/s = 500 GeV. As a result, 
something like five Higgs bosons distributed from 70 to 
200 GeV would put us into the continuum scenario unless 
a specific Higgs decay final state (for which resolutions 
are expected to be below 10 GeV and backgrounds would 
be smaller) could be shown to be dominant. 



6 Doubly-charged Higgs and higgsinos in super- 
symmetric L-R models 

In supersymmetric L-R symmetric models, the La- 
grangian cannot contain terms that explicitly violate R- 
parity. The presence or absence of RPV is determined 
by whether or not there is. spontaneous RPV. There are 
two generic possibilities, o 

If certain higher dimensional operators are small or 
absent, then the scalar field potential must be such that 
L-R symmetry breaking induces RPV through some com- 
bination of non-zero (z^ c )'s. In this case, the Wr mass 
scale is low and, of course, there are lots of new phenom- 
ena associated with RPV. In this scenario, the triplet 
Higgs and higgsinos, including A£~^ and their fermionic 
partners, are not necessarily light. Considerable phe- 
nomenological discussion of_thc resulting RPV signatures 
for this case has appeared. E3 

If the above-mentioned higher-dimensional operators 
are present and are of full strength (but, of course, 
oc 1/Mjj or 1/Mpianck), then L-R symmetry breaking 
does not require RPV. In this case, the Wr mass scale 
must be very large. Further, the triplet members 
and their superpartners must be very heavy unless one 
removes the (naturally present) parity-odd singlet from 
the theory (which is normally included in order to avoid 
vl 7^ vacua). However, when the R-sector Higgs mech- 
anism comes in at high scale (assumed to be above the 
SUSY breaking scale) to give vr ^ and generate Wr 
mass, one is breaking a U(3) symmetry and there are 4 
surviving massless (goldstone) fields, which are the A 
superfield and its charge conjugate, whose component 
fields only become massive via the higher-dimensional 
operators. In this case, it is natural for the mass scales 
of the A^~ and A^ - , ~ v R /Mj>\ anc k, to be at the 
- 100 GeV level. 

The phenomenology of doubly charged Higgs bosons 
has a long history.lHa The above A^~ (hereafter we drop 
the R subscript) would generally be narrow. Noting that 
A~~ — > W~A~ is expected to be kinematically forbid- 
den, its primary decay modes would most probably be 
via the Majorana couplings associated with the see-saw 
mechanism for neutrino mass generation: 

C Y = ihijif>fC7^Aipj + h.c. , (8) 

where i,j — e,fi,T are generation indices, and A is the 
2x2 matrix of Higgs fields: 

/A+A/2 A++ \ 
A - { A° -A+/V2 ) ■ (9) 

Limits on the hij by virtue of the A — > £~ ~t~ cou- 
plings include: Bhabbha scattering, (g — 2)^, muonium- 
antimuonium conversion, and /i~ — > e~e~e + . Adopting 
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the convention 

\hff~\ 2 = c«mi__(GeV), (10) 

one finds c ee < 10~ 5 (Bhabbha) and ^/c ee c MM < 10~ 7 
(muonium-antimuonium) are the strongest of the limits. 
There are no limits on c TT which is, naively, expected to 
be the largest. If all the c's are very tiny, virtual versions 
of A~ _ — > A~W~ could be important. 

Regarding production, because of the very large Wr 
mass, the doubly-charged Higgs bosons would be primar- 
ily produced at hadron colliders via 7*, Z* — ► A~~A ++ . 
At an e~e~ or collider they could be produced di- 

rectly as an s-channel resonance via the lepton-number- 
violating couplings h ee and ft^, respectively. The strat- 
egy for discovering and studying the A would be the 
following. First, one would discover the A in pp — > 
A A++ with A-" t-£~,A++ -» £+£+ (£ = e,/x,r) 
at TeV33 or LHC. B One finds that A — detection at 
the Tevatron (s/s = 2 TcV, L = 30 fb -1 ) is possible for 
m^-- up to 300 GeV for I = e or /1 and up to 180 GeV 
for I = t. At the LHC, A discovery is possible up 
to roughly 925 GeV (1.1 TeV) for 1= e,n and 475 GeV 
(600 GeV) for I = t, for L = 100 fb -1 (L = 300 fb" 1 ). 
Thus, TeV33 + LHC will tell us if such a A exists 
in the mass range accessible to the next linear collider 
or a first muon collider, and, quite possibly, its decays 
will indicate if it has significant coupling to e~ e~ and/or 
ii~ \i~ (unless t~t~ is completely dominant, as is possi- 
ble) . Whether or not these decays are seen, we will wish 
to determine the strength of these couplings by studying 
e~e~ and pT s-channel production of the A . Wc 
note that if the A -- is observed at the LHC, we will 
know ahead of time what final state to look in and have 
a fairly good determination of m^-- . 

At the NLC, taking L = 50 fb _1 and defining R to 
be the beam energy spread in percent, 

(id 

implying an enormous event rate if c ee is near its upper 
bound. The ultimate sensitivity to c ee when r^-- is 
much smaller than the beam energy spread can be esti- 
mated by supposing that 100 events are required. From 
Eq. (pr|), we predict 100 A events for 

CeellOO events ~ 3.3 X 10- 14 (i?/0.2%) , (12) 

independent of m^--, which is dramatic sensitivity. Be- 
cause of the much smaller R values possible at a 
collider (R ~ 0.003% is possible), comparable or greater 
sensitivity to could be achieved there despite the 
lower expected integrated luminosity. 

In the L-R symmetric models the phenomenology of 
the doubly-charged Higgsinos would be equally interest- 
ing. The basic experimental signatures always involve 



r's. In non-GMSB SUSY, if h TT is full strength (~ 0.5) 
then it influences the RGE's so that the r's (especially 
tr) are lighter than e and Jl, even if tan/3 is not large. 
Further, starting with a common mass at the vr scale, 
evolution leads to m/±-- < n%-r__ an< ^ ^he ^ would 
be easily visible as described above. Less attention has 
been paid to A~~,A ++ , which could be produced at 
the Tevatron in pairs. Indeed, for m^-- = m~__, 

the A - ~A ++ pair cross section is bigger than that for 
A~~A ++ due to the fact that the former is not p-wave 
suppressed. Normally, A~~ — > trt is kinematically 
allowed and will dominate over all other lepton chan- 
nels because of larger coupling. The dominant tr decay 
would be tr — > Xi T - Thus, a typical signature would 
be pp — * A~~A ++ — * t~t~t + t + + p't- Note that the 
presence of would make reconstruction of the A - " 
and A ++ masses difficult. 

In the GMSB context there are some alterations to 
the above scenario. First, one finds that the A~~ is 
now lighter than the A - ~. In fact, the A~~ could even 
be the NLSP. If not, the tr very probably is (even for 
minimal messenger sector content), with tr — * tG being 
its dominant decay. The typical signature would be the 
same as above except the p'x would now be due to the G's 
rather than x?' s - I 11 t ne small portion of parameter space 
where the Xi 1S t ne NLSP, the signature for A~~A ++ 
production changes to 4r27 + p*t, where the 7's come 
from the xi ~ * lG decays. 

Overall, a supersymmetric L-R symmetric model 
would give rise to a very unique phenomenology with 
many exciting ways to explore the content and parame- 
ters of the model. 

7 Conclusion 

I have tried to give an overview of recent results in su- 
persymmetry phenomenology with emphasis on unusual 
scenarios that one might encounter, especially ones for 
which detection of supersymmetric particles and/or the 
SUSY Higgs bosons might require special experimen- 
tal/analysis techniques. Experimentalists should pay at- 
tention to these special cases to make sure that their 
detector designs, triggering algorithms and analysis tech- 
niques do not discard these possibly important signals. 
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